ADCL or a cross-comparison, the TG51/TG21 results for parallel-plate chambers are simil`ar to those for cylindrical-chambers. However, a n inconsistent set of calibration factors, i.e., using •k ecal from an ADCL but N gas from a cross-comparison or vice-versa, can introduce an additional uncertainty up to 2.5% in the TG51/TG21 dose ratios.
INTRODUCTION
Since publication of the American Association of Physicists in Medicine (AAPM) absorbed-dose-standard based protocol (TG51 1 ) in September 1999, the Radiological Physics Center (RPC) has received numerous phone calls from physicists with questions and concerns or seeking clarifications about the protocol. One important question has been about the difference in the absorbed-dose determined by this protocol compared with TG21 2, 3 . This question is being raised more frequently as the switch from the TG21 protocol to the TG51 protocol is gaining momentum. The measured dose difference between the two protocols, for some selected ion chambers, have been presented in poster presentations 4 and publications [5] [6] [7] [8] . Also, calculated differences have been presented for selected chambers in two publications 6, 9 . In these studies, a maximum difference of about 2% has been reported for both high-energy photon beams and electron beams. However, differences from 3 to 5%, especially for electron calibrations with parallel-plate ion chambers, have been verbally reported to the RPC by a significant number of institutions. This work is aimed at responding to this issue. In this work, the difference between dose determined by the two protocols is presented as the ratio of the absorbed dose at a specified reference depth determined using the TG51 protocol to the dose determined using the TG21 protocol at that same depth. In this work, this dose ratio will be referred to as TG51/TG21. The calculated ratios, TG51/TG21, are presented for the most commonly used cylindrical and parallel-plate ion chambers.
These calculations are based on the dosimetry factors from the two protocols and the chamber-model specific average ratio of the absorbed dose calibration factor, , to the exposure calibration factor, N X , for the specific chamber. The latter ratio will be identified as / N X for the users chamber, which is resolved by removing this term from the TG51/TG21 results.
The dose ratios presented in this work are designed to serve as a guide to institutions performing the switch from the TG21 to the TG51 protocol. If an institution determines TG51/TG21 ratios to be measurably different (> 1%) than the values presented in this work, that institution should review its calculations for both protocols with regard to the uncertainties, errors, and inconsistencies discussed in this work.
II. MATERIALS AND MEHTHODS
Calculations of the absorbed dose, and therefore dose ratios, presented in this work, are based on equations in the TG51 and TG21 protocols for absorbed dose to water at the same depth, for a specific i rradiation time or monitor units. In development of our formalism, the TG51-and TG21-based doses are compared deliberately at the same reference depth "d". This eliminates the need for depth-dose correction factors to transfer the doses to the depth of maximum dose, thereby eliminating uncertainty in the depth-dose factor. The symbolisms of both TG51 and TG21 are used; therefore, re-defining the symbols is unnecessary. To minimize uncertainties, the numerical values of M raw , P TP , P ion , and P pol , are assumed to be the same for the two protocols. Although nomenclature is slightly different, M raw and P TP are identical in both protocols. The technique for determining P ion is virtually identical in both protocols. The factors P pol and P elec , which are explicit in TG51, are implicit in TG21. In the following equations, they have been explicitly included for both protocols. Because TG51 is more specific about the reference depth than is TG21, especially for electrons, the TG51 reference depth is chosen.
According to TG51 (Eqs. 3 and 8), absorbed dose "D x,TG51 " for photons, at the reference depth for a given time or monitor set is given by:
The corresponding dose, D x,TG21 , according to TG21 [Eqs. (6) , (9) and (10)] is expressed similarly:
It should be noted that in both equations, M raw is measured with the center of the cavity of a cylindrical chamber or the front inner surface of the cavity of a parallel-plate chamber placed at the measurement depth "d" without employing any shift to the effective point of measurement. 
Because TG51 does not allow parallel-plate chambers for calibration of photon beams, calculation of the dose ratio (TG51/TG21) x in this work is limited to cylindrical chambers.
For electron beams, the absorbed dose "D e,TG51 " at the reference depth measured with a cylindrical chamber is given by:
Here, M raw is the reading with the chamber axis at depth "d". But on closer examination, it is clear that the product M raw • P gr is numerically equivalent to the reading M' raw , with the chamber's axis at depth d' = (d + shift). The "shift" is 0.5 times the internal radius "r cav " of the thimble. Therefore, Eq. (4) can be rewritten as:
Here, M ' raw is the raw reading with the chamber's axis at depth (d + 0.5r cav ). The corresponding equation for TG21 is: 
Eq. (7) holds for parallel-plate chambers as well, because the effective point of measurement, in both protocols, is the inner surface of the front window of the chamber.
Eqs. (3) and (7) were used for calculating the results presented in this work. The various dosimetric parameters were taken from TG51 and TG21. For parallel-plate chambers, the values of P repl were obtained from TG39 11 .
The format of Eqs. (3) and (7) explicitly employ the factor (N gas / N X ) to exploit the use of published values for this ratio 2, [11] [12] [13] . Because A ion is typically 0.999 or 1.000, N gas /N X is assumed identical to N gas / (N X •A ion ). The values for (N gas /N X ) were taken from Gastorf et al. 12 or calculated from Nath et al. 13 using the manufacturer's specifications. The chamber factor ratio, 
III. RESULTS AND DISCUSSSION
The relevant characteristics of the 11 cylindrical and 7 parallel-plate ion chambers used for this study are presented in Table I . The characteristics include thimble material and thickness, thimble inner radius and volume, N gas /N X , the measured calibration factor ratio Figure 1 is the ionization ratio, "IR", from TG21; the corresponding specifier for TG51, %dd(10) x for the specific beams can be found in Table II MeV for the cylindrical chambers. This departure is consistent with that seen in the extrapolation discussed in section V.
To this point, all discussion and data show that the conversion from TG21 to TG51 is straightforward and well behaved, and represents only small changes in dose determination.
However, there are several issues that can have a significant impact on these results and therefore deserve special attention. attention. These are discussed in items A through G.
A. Parallel-Plate Chambers:
For parallel-plate chambers, ( • k ecal ) and N gas can each be determined in two ways, which we will refer to as techniques A and B. In technique A, • k ecal ) for a Markus chamber (model PTW N23343), determined from the ADCL calibration is reported 14 to be more than 2% higher than that determined from the crosscomparison technique. Our own measurements with this chamber yield similar results for N gas .
The dual values for ( • k ecal ) and N gas are based on an ADCL calibration (technique A).
(ii) Both (
• k ecal ) and N gas are based on a cross comparison (technique B).
(iii) (
• k ecal ) is based on technique A but N gas is based on technique B.
(iv) (
• k ecal ) is based on technique B but N gas is based on technique A.
The TG51/TG21 dose ratios, presented in Table I , are based on the use of combination (i) above.
Use of combination (ii) for parallel-plate chambers should yield the same results; however, an inconsistent combination, such as (iii) or (iv), would compromise the presented TG51/TG21
ratios. Continuing with the previous illustration of the Markus chamber, the (TG51/TG21) e value (1.019) at 20 MeV in Table II , would change by an additional ±2% to 1.04 if combination (iii) was used or 1.00 if combination (iv) was used.
A word of caution is in order. The parallel-plate results based on either combination (i) or
(ii) agree with those for cylindrical chambers presented in Table II 
/ N X )
The results presented in Table II 
C. Refined TG51/TG21 dose ratios
The impact of the uncertainty in and those from Burns 17 . Table IV factor is provided by Ding.
At Co-60 energy, agreement is excellent. For 6 and 18 MV photons, our ratios compared with Ding's for both Farmer-type chambers are 0.3% higher and 0.5% lower, respectively. These minor discrepancies may be attributed to differences in beam quality specifiers. For electron beams, the Markus chamber results agree within 0.3%. For the NACP and the PR-06C chambers, the maximum discrepancy is 1.3%. For the NACP chamber, our results are consistently higher than Ding's by 0.5 to 1.3 % whereas for the PR-06C chamber, our results are consistently low from 1.1 to 0.6%. These differences may be attributed to differences in beam 
E. TG51/TG21 dose ratios for electrons at d max
As indicated earlier, the TG51/TG21 dose ratios presented in Table II, apply at (Table II) at d ref .
F. Sources of uncertainty:
(i) Measurement at different depths for the two protocols compounds (a) an additional uncertainty in the raw ionization measurement, and (b) any inconsistency in depth-dose data for those depths.
(ii) Use of different P ion , and P pol values for the two protocols.
(iii) Setup uncertainties and machine drift would influence the results if the same undisturbed setup is not used for both protocols.
(iv) Use of different phantom materials for the two protocols. 
G. Assumptions and Approximations
Several assumptions and approximations are represented in this work:
(i) Values for k Q , k ecal , and k' R50 for the 0.6-cc waterproof cylindrical chamber, PTW N30006, are not included in TG51. Values were assumed to be the same as for the PTW N30001 (PTW N23333).
(ii) The Roos-type parallel-plate chamber is not included in TG39; however, it was specifically designed to have an adequate guard, so its P repl value was assumed to be 1.000.
(iii) The value of ( 
IV. CONCLUSIONS
The values presented for the TG51/TG21 dose ratios in this work are theoretical calculations and therefore free from measurement uncertainties, setup errors, and inconsistencies that are caused by factors such as mix of phantoms, ion chambers, and different d epths of measurements. Therefore, measurement of TG51/TG21 yielding a significantly different value (>1%) than listed in this work should prompt a review of measurements and dose calculations for both protocols, with respect to the sources of uncertainties and inconsistencies discussed above.
The better TG51/TG21 values can be obtained using the values provided in Table III multiplied by the • k ecal determined by the two calibration methods seen for some chambers, we emphasize the recommendation in TG51 that "…when possible, plane parallel chambers be calibrated against calibrated cylindrical chambers in a high energy electron beam…".
V. Validation for extrapolation of k'R50 for the 4 MeV electron beam.
To validate the extrapolation of k' R50 to R 50 <2 cm, the ratio k' R50 to L/ρ•P repl was calculated as a function of R 50 from 6 cm to 1 cm. Since the parameters L/ρ and P repl in calculation of k' R50 are energy dependent, the ratio k' R50 to L/ρ•P repl should be independent of energy for a valid extrapolation. Values of k' R50 were based on the functional form provided in TG51 protocol. Values of L/ρ were calculated from Burns 17 'best fit' expression at d ref , and P rep l values were based on TG25 10 . Since Burns expressions were based on data from machines with R 50 ranging from 0.98 to 18.6 cm, they should be valid down to 1 cm.
The ratio k' R50 to L/ρ•P repl was plotted as a function of R 50 for both, a well guarded planeparallel chamber and a Farmer-type chamber (inner radius 3.15 mm). For the well-guarded plane-parallel chamber, this ratio is virtually constant over the entire calculated range of R 50 , while for the Farmer-type chamber, the ratio is constant t o better than 0.1% down to approximately R 50 = 2 cm, but then begins to diverge by about 0.6% at R 50 = 1 cm. This suggests that extrapolation of k' R50 equations in TG-51 down to R 50 = 1 cm introduces an additional uncertainty of less than 1%. 
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